We experimentally investigate the evolution of linear and nonlinear waves in disordered one dimensional waveguide lattices. We individually excite and directly measure two types of pure localized eigenmodes, and show that nonlinearity enhances localization in one type, and induce delocalization in the other. In a complementary approach, we measured the evolution of δ-like wavepackets in the presence of disorder, and observed a gradual transition from ballistic wavepacket expansion to exponential localization. Nonlinearity in this case was found to accelerate localization. We discuss the relation between the two sets of results.
The propagation of waves in periodic and disordered structures are at the foundations of modern condensedmatter physics. Anderson localization is a key concept, formulated to explain the spatial confinement due to disorder of quantum mechanical wavefunctions that would spread over the entire system in an ideal periodic lattice [1, 2, 3] . Although Anderson localization and related effects were studied experimentally in both condensedmatter physics and optics, the underlying phenomenathe emergence of localized eigenmodes and the suppression of wavepacket expansion -are in general impossible to observe directly. Instead, localization was studied indirectly by measurements of macroscopic quantities such as conductance, transmission and reflection [2, 3, 4, 5, 6, 7] . An interesting issue concerns the effect of nonlinearity on Anderson localization. Interactions between the propagating waves introduced by nonlinearity and nonlinearly accumulated phases can significantly change interference properties, thus fundamentally affecting localization. Theoretical studies of the nonlinear problem yielded ambiguous results [8, 9, 10, 11, 12, 13, 14] , and only few experiments were reported [15] . Recently, optical studies enabled the observations of wave evolution in nonlinear disordered lattices [16, 17, 18] , using a scheme suggested by De Raedt et. al. [19] . In particular, Schwartz et. al. [18] reported recently the observation of Anderson localization in 2D lattices.
In this work we investigate linear and nonlinear wave evolution in a one dimensional (1D) disordered photonic lattice. In the first set of experiments we selectively excite individual localized eigenmodes of a disordered lattice. Nonlinearity is introduced in a controlled manner, to examine its effect on pure localized eigenmodes. In a second set of experiments we examine the effect of disorder on the evolution of δ-like wavepackets (single site excitations), which contain many eigenmodes. We measure a transition from free ballistic wavepacket expansion to exponential localization, and observe an intermediate regime of coexistence. We measure the effect of nonlin- earity on this process, and discuss the relation of these results to our observations on pure localized eigenmodes.
Our experimental setup is a one-dimensional lattice of coupled optical waveguides patterned on an AlGaAs substrate [20, 22] , illustrated in Fig. 1a . The salient feature of these lattices is that evolution of waves in time is replaced by evolution in space, which is much easier to observe. This is done by using structures which are homogeneous along one dimension, so that the wave propagation in this direction is free and analogous to evolution in time [19] . In such structures, light is confined to propagate in the x-z plane. A set of parallel ridges along the propagation direction (z) induces a spatial modulation of the effective index of refraction in the transverse direction (x). Under appropriate conditions [20] , light is guided by the high refraction index areas -the waveguides -and can coherently tunnel between them. The advantage of this experimental technique is the possibility to control the exact initial conditions for the light propagating inside the lattice by shaping the input beam, and the possibil- The equations describing light dynamics in these structures are identical to the equations of the tight binding model in solid state physics [20] , i.e. a set of coupled discrete Schrodinger equations:
Here n = 1, ..., N where N is the number of lattice sites (waveguides), U n is the wave amplitude at site n, β n is the eigenvalue (propagation constant) associated with the n'th site , C n,n±1 are the tunnelling rates between two adjacent sites, and z is the longitudinal space coordinate. The last term in Eq. (1) describes the nonlinear dependence of the refractive index on the light intensity, where γ is the Kerr nonlinear parameter, which is positive for our system (γ > 0). The nonlinear term can be discarded for low light intensities. for typical experimental parameters see for example [22] . The parameters β n and C n,n±1 can be calculated numerically from the waveguides' width and from the separation between neighboring waveguides. In the linear limit (γ = 0), given a set of β n 's and C n,n±1 's describing a lattice of N waveguides, the set of N equations (1) can be diagonalized to yield the lattice eigenmodes and eigenvalues. In the case of a periodic lattice (β n = β 0 , C n,n±1 = C) the resulting eigenmodes are the extended Bloch modes, with eigenvalues arranged in a band of the form β 0 +2Ccos(k x d), where k x is the Bloch wavenumber, and d is the lattice constant.
Disorder can be introduced to the lattice by changing the width of each waveguide randomly in the range W ± δ where W is the mean value (typically 4µm in our samples) [24] . As a result the parameters β n are random in the range β 0 ± ∆. We find that by keeping the lattice periodic on average (the site's centers still have the lattice periodicity), the parameters C n,n±1 become independent of n to a very good approximation, meeting the conditions assumed by Anderson in his original model, i.e. pure diagonal disorder. A measure of disorder is given by the ratio ∆/C [3] . Fig 2(a) describes the results of diagonalization of Eq. (1) for N = 99 and ∆/C=1. The eigenvalue band is now perturbed, deviating slightly from a perfect cosine shape. Moreover, eigenmodes associated with eigenvalues near both edges of the band become localized in space, even though the density of states near the edges is not significantly different from the one at the band center [3] . The localized eigenmodes near the bottom of the band are flat phased, i.e. their wavefunction's amplitude is in-phase at all sites (see inset 1) [23] . Localized eigenmodes near the top of the band are staggered, i.e. their wavefunction's amplitude has a π phase flip between adjacent sites (inset 2). Notably, these eigenmodes are localized at well-separated regions of the lattice. Modes near the band center remain extended in the finite sized system (see inset 3). These modes will also be localized in an infinite system, but on a much longer length scale [21] . As disorder (∆/C) is increased, a larger fraction of the modes becomes localized within the finite lattice.
In the experiments described below, a light beam is injected into a single lattice site or several adjacent sites. The specific lattice eigenmodes that are excited are determined by their overlap with the excitation field. For example, when a narrow beam is injected into a periodic lattice, many of the lattice extended eigenmodes are excited. As a result the light expands while propagating, to yield the output pattern of Fig 1(b) . In disordered lattices the output pattern depends on the precise input position. When the beam is injected at a position not corresponding to any localized eigenmode, the output exhibits a high degree of expansion as shown in Fig. 1(c) . When the beam is launched at a position corresponding to a localized eigenmode it predominantly excites that mode, wave expansion is suppressed, and prominent localization is evident (Fig 1(d) ). We now turn to the first set of experiments, designed to observe and measure properties of pure localized eigenmodes. For this purpose we use a wide input beam (covering about 10 lattice sites), and scan it across the lattice. At certain input positions we observe clear localized light distributions at the output. We compare these observed intensity profiles to calculated localized eigenmodes of the lattice in Fig 2(b) . There is a clear correspondence between the experimentally observed localizations and the location and shape of all the calculated localized eigenmodes associated with the bottom of the eigenvalue band. These modes are mostly flat-phased (fig 2(a) inset 1) and are well separated in space, and therefore have a high probability of being excited individually by a flatphase input beam. To excite the staggered modes associated with the top of the band, the input beam was tilted with respect to the lattice to induce a π phase difference in the excitation of adjacent waveguides [20] . The results of this excitation scheme are presented in Fig. 2(c) , and a clear correspondence is found to the calculated localized staggered modes of the lattice. In all cases no fitting procedures are used. These results confirm the excitation of pure Anderson localized eigenmodes.
The effect of nonlinearity on localized eigenmodes is studied by exciting a pure localized mode, and increasing the beam power. The intensities used are kept below those required to form a soliton in a periodic lattice with the same average parameters [22] , keeping the experiments in the weak nonlinear regime. Some localized modes ar found to exhibit a significant response to nonlinearity. The results of two such experiments are shown in Fig. 3 , showing that weak positive nonlinearity tends to further localize flat-phased Anderson localized modes, but tends to de-localize staggered modes. These results can be understood if one realizes that positive nonlinearity effectively lowers the β n of the excited waveguides [20, 23] . For modes at the bottom of the band this means that their eigenvalue is 'pushed' away from the band, thus becoming further localized. On the other hand, the eigenvalue of modes at the top of the band is 'pushed' into the band, thereby resonantly coupling to the system's extended eigenmodes and becoming delocalized.
We now turn to the second set of experiments, to study the effect of disorder on wavepacket evolution in the linear and nonlinear regimes. This aspect can be best studied by injecting light into a single lattice site, thus exciting a tight δ-like wavepacket of all eigenmodes having non-vanishing overlap with the excited site. The wavepacket then evolves in the lattice, and the light distribution is measured at the output. Averaging the output distribution over many realizations with the same disorder strength gives a measure of the lattice response to such single-site excitation. We average the output patterns obtained by exciting each site in the same lattice, while keeping the measurement-window centered about the input site position. This procedure is equivalent, under appropriate conditions, to averaging over different realizations. The results of such measurements in the linear regime, taken for different disorder strengths in 5mm long samples, are shown in Fig. 4(a-d) . Without disorder, single site excitation results in ballistic propagation (wavepacket width grows linearly with time), recognized by its characteristic signature of two separated lobes [20, 22] (Fig. 4(a) ). At moderate disorder, a second component emerges, localized around the input site position (Fig. 4(b,c) ). The localized and the ballistic components coexist in this regime. At high disorder, a highly localized, exponentially decaying distribution is observed (Fig. 4(d) ). This exponential decay of the expansion profile is a hallmark of Anderson localization.
These results offer a first look into the short time evolution of wavepackets in 1D disordered systems. It is known that for infinite disordered 1D systems, and for long time scales, wavepacket expansion is always fully suppressed. However, on short time scales, wavepackets do evolve [19, 25] . Consider an initial wavepacket as a superposition of many localized eigenmodes having different widths. The wavepacket expands ballistically until its width becomes comparable with the width of the narrowest excited eigenmode. From that moment, the wavepacket evolution is composed of two distinct components: a ballistic component, induced only by modes wider then the beam, and a localized component consisting of modes narrower than the beam. When the beam width reaches the width of the widest excited eigenmode, beam expansion stops. In contrast to the 2D case, in which the expansion become diffusive before localization [18] , here localization emerges from ballistic expansion through the continues buildup of a localized component. The results in Fig. 4(a-d) are a direct observation of the transition between the different regimes of transport in 1D as discussed above.
To study the effect of nonlinearity on this process, we have repeated these measurements at increased powers of the injected light. Again, we remain in the weak nonlinear regime. Results are shown in Fig. 4(e-h) . On average, the results indicate increased localization in intermediate disorder levels. However, close inspection of single (non-averaged) measurements reveals that for input sites corresponding to the very peak of a flat-phased (staggered) localized state, nonlinearity results in a weak localization (delocalization) [17] . Still, on average, the result is increased localization. This can be understood when considering that delocalization reduces power density, thus leading to a decreased nonlinear effect. The results in Fig. 4 (e-h) suggest that weak nonlinearity accelerates the localization process, but have little effect on the final distribution width.
In conclusion, we have individually excited and directly measured two types of pure localized eigenmodes in 1D disordered lattices. We found that nonlinearity enhances localization in one type, and induce delocalization in the other. In addition, we measured the evolution of wavepackets in the presence of disorder, and observed a transition from ballistic expansion to exponential localization through a gradual buildup of a localized component. Nonlinearity in this case was found to accelerate localization. Our experimental system offers a unique environment for studying directly the interplay between disorder and nonlinearity. It is versatile, it enables precise control of every lattice parameter and of initial conditions, it allows stable and repeatable experiments, and finally, nonlinearity is easily introduced and controlled. The approach presented here could be extended to direct experimental studies of other fundamental aspects of waves, disorder and nonlinearity [10, 11, 26] .
